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Ultrafast nanophotonics is an emerging re-
search field aimed at the development of nan-
odevices capable of light modulation with un-
precedented speed. A promising approach ex-
ploits the optical nonlinearity of nanostructured
materials (either metallic or dielectric) to mod-
ulate their effective permittivity via interaction
with intense ultrashort laser pulses. While the
ultrafast temporal dynamics of such nanostruc-
tures following photoexcitation has been studied
in depth, sub-ps transient spatial inhomogeneities
taking place at the nanoscale have been so far al-
most ignored. Here we theoretically predict and
experimentally demonstrate that the inhomoge-
neous space-time distribution of photogenerated
hot carriers induces a transient symmetry break-
ing in a plasmonic metasurface made of highly
symmetric metaatoms. The process is fully re-
versible, and results in a broadband transient
dichroic optical response with a recovery of the
initial isotropic state in less than 1 picosecond,
overcoming the speed bottleneck caused by slower
relaxation processes, such as electron-phonon and
phonon-phonon scattering. Our results pave the
way to the development of ultrafast dichroic de-
vices, capable of Tera bit/s modulation of light
polarization.
In the last decade, engineered optical nanomaterials,
especially in two-dimensional configurations, known as
metasurfaces, have emerged as a new platform for the
manipulation and steering of light beams [1–5]. In par-
ticular, recent studies have demonstrated the capability
to exploit nonlinear nanostructures and metasurfaces il-
luminated by intense femtosecond laser pulses for the ul-
trafast control of light (see, e.g., Refs. 5–8 and references
therein). A variety of configurations has been reported
and the temporal dynamics following photoexcitation has
been the subject of intense experimental and theoretical
research. This is especially true for plasmonic nanostruc-
tures, where the nonlinear mechanism presiding over the
all-optical control is a delayed third-order process, whose
dynamics is dictated by energy transfer between inter-
nal degrees of freedom of the metallic nanosystem. Upon
photoexcitation and following plasmon dephasing, three
main steps take place on well separated time scales [8–
14]: (i) electron equilibration, following electron-electron
scattering events within few hundreds femtoseconds; (ii)
electron-lattice equilibration, occurring in few picosec-
onds; (iii) the much slower (nanosecond) heat release to
the environment via phonon-phonon scattering. The lat-
ter two processes, which affect both metallic and dielec-
tric structures, pose a substantial limit to the develop-
ment of realistic all-optical nanodevices capable of ul-
trafast modulation speed. The attempts reported so far
to overcome this limitation managed to suppress only
one of the two contributions from the slower dynamical
processes, and have only been demonstrated on narrow
wavelength bands [15, 16]. The feasibility of broadband
all-optical modulation of light with full return to zero in
less than 1 picosecond thus remains the open challenge
of ultrafast nanophotonics. Also, among the different
kinds of all-optical functionalities, ultrafast polarization
switching has recently attracted a huge interest for ad-
vanced applications in photonics and beyond [17, 18].
To tackle this challenge, we exploit a phenomenon
so far almost neglected, that is the onset of ultrafast
nanoscale spatial inhomogeneities at very early times fol-
lowing photoexcitation [19]. We demonstrate that such
spatio-temporal transients can break the symmetry of a
plasmonic metasurface even if it consists of highly sym-
metric metaatoms, thus inducing a broadband dichroic
response with ultrafast recovery of the initial isotropic
configuration well before the complete relaxation of the
system.
Our concept is illustrated in Figure 1. We con-
sider a plasmonic metasurface made of a square array
of closely packed (∼ 270 nm periodicity) C4 symmet-
ric gold nanocrosses with thickness H = 45 nm, width
W = 60 nm and length L = 165 nm (Fig. 1a). Such a
symmetric nanomaterial provides a polarization indepen-
dent static transmittance at normal incidence, T0, char-
acterized by a broad dip around 800 nm (Fig. 1b, solid
curve). This dip is due to the degenerate longitudinal
plasmonic resonances of the two arms of the nanocross
and is broadened by hybridization effects in the array
configuration. Such a degeneracy can be broken by the
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2FIG. 1. Ultrafast optical dichroism in Au metasurface. a, SEM image of the metasurface. b, Measured (blue) and
simulated (orange) transmittance of the polarization insensitive unperturbed structure. c, Sketch of the polarization-resolved
pump-probe set-up utilized to experimentally reveal the ultrafast optical dichroism. d, Cartoon of the transient permittivity
pattern (|∆ε′′(~r, τ)|, evaluated at around 630 nm) evolving over time at the nanoscale. e, Experimental differential transmission
signal at 630 nm after photoexcitation when the probe polarization is parallel (black) or perpendicular (green) to the pump
field.
resonant absorption of an ultrashort pump pulse with
linear polarization parallel to the direction of one of the
arms (Fig. 1c). Photoexcitation creates a highly inho-
mogeneous near field, mostly because of the retardation-
based nature of plasmonic resonances in relatively large
nanostructures. The inhomogeneous absorption pattern
in each metaatom locally affects the electronic energy dis-
tribution of gold, inducing a non-uniform out of equilib-
rium hot-carriers distribution which anisotropically mod-
ifies the metal permittivity (Fig. 1d). The fingerprint of
the ultrafast pump-induced symmetry breaking is a tran-
sient transmission anisotropy (Fig. 1e), which can be re-
vealed in a polarization-resolved pump-probe experiment
where the delayed probe pulse impinges at normal inci-
dence with a linear polarization at 45◦ to the nanocross
arms (Fig. 1c).
We first developed a quantitative numerical model able
to describe the ultrafast spatial transients in terms of
three space- and time-dependent variables detailing the
internal energy dynamics in gold: the energy density
stored in the nonthermal fraction of photoexcited car-
riers, N(~r, t), the temperature of the thermalized popu-
lation of hot electrons, Θe(~r, t), and the lattice tempera-
ture, Θl(~r, t) (which plays a minor role on the considered
sub-picosecond time scales). These three variables are
interlinked by a set of three coupled partial differential
equations (detailed in the Methods section), which we re-
fer to as the Inhomogeneous Three-Temperature Model
(I3TM). The I3TM extends the popular 3TM [14], widely
employed so far both for metallic and semiconducting
nanostructures (see, e.g., Refs. 20, 21) by including the
spatial dependence of the variables. The source term
is the instantaneous absorbed power density Pabs(~r, t),
driving the photo-excited nonthermal carriers, given by
the equation
Pabs(~r, t) =
FS
V
A(~r)g(t), (1)
where g(t) is the normalized Gaussian intensity pro-
file of the ultrashort pump pulse, A(~r) the inhomoge-
neous absorption pattern of the pump on the individual
metaatoms (see Methods for details), F the pump pulse
fluence, V the volume of the metaatom, and S the area
of the unit cell of the metasurface.
Figure 2a shows the x, y cross-section of the energy
density N of nonthermal carriers, numerically calculated
at selected time delays after excitation with a pump pulse
at 860 nm wavelength (i.e. slightly red shifted with re-
spect to the plasmonic resonance peak), linearly polar-
ized along the vertical y-axis. Note that the pattern dis-
tribution is highly asymmetric, with a major localization
along the vertical arm of the nanocross which corresponds
to the polarization of the excitation beam. The ultrafast
decay of N (Fig. 2e) follows the electron-electron scat-
tering dynamics, with a characteristic time constant of
about 350 fs, as estimated from more accurate theoreti-
cal models [14, 20]. The subsequent energy release to the
3FIG. 2. Theoretical modelling. Theoretical results for space-time dependent ultrafast nonlinearities in plasmonic nanopar-
ticles. a - d, From top to bottom: space-time dynamics of the energy density stored in the nonthermal fraction of hot electrons
population, N (J/cm3); increase of electronic temperature, ∆Θe (K); variation of real part, ∆ε
′, and imaginary part, ∆ε′′,
of dielectric permittivity in the plasmonic nanocross (here shown at 630 nm), for different pump-probe delays (pump fluence
F = 300 µJ/cm2). The maps are taken in the central cross-section of the irradiated nanoparticle (i.e. the z = H/2 plane).
e - h, From top to bottom: corresponding time evolution of the variables mapped in (a)-(d) evaluated at three characteristic
positions visualized in the inset of panel (e). The dash-dotted curve represents the temporal profile g(t) of the pump pulse (see
Methods).
thermalized hot carriers gives rise to an inhomogeneous
pattern also for the electronic temperature Θe (Fig. 2b).
The thermal hot electron distribution eventually un-
dergoes a spatial diffusion process governed by the ther-
mal conductivity of the Fermi gas κ(Θe) ∝ Θe [22], which
restores a homogeneous distribution of hot electrons in
few hundreds femtoseconds (Fig. 2f), thus closing the
temporal window for the photoinduced electronic sym-
metry breaking. Note that electron-lattice equilibration,
leading to the complete relaxation of the electronic sub-
system, takes place over a much longer timescale of a few
picoseconds, and thus does not play any role in the tran-
sient anisotropy, similarly to the even longer dynamics of
heat release from the metal lattice to the environment.
Starting from the simulated N(~r, t) and Θe(~r, t) dis-
tributions, we calculated the subsequent modulation of
gold permittivity, ∆ε(~r, t), following the same approach
described in previous works [20], but now taking into
account the spatial dependence (see Methods). Note
that ∆ε(~r, t) inherits a highly asymmetric distribution
on the sub-picosecond time scale, mostly reminescent of
the pattern of N , even though the temporal dynamics
of Figs. 2g-2h exhibit more complex features, due to
the interplay between the contributions arising from the
two different (nonthermal and thermal) electronic popu-
lations. This makes the transient symmetry breaking of
the spatial electronic distribution internal to the nanosys-
tem readily accessible by optical means in terms of an
ultrafast polarization sensitive optical response.
We employed finite-element method numerical analy-
sis in the frequency domain to calculate the transmis-
sion spectrum T||,⊥(λ, τ) of the metasurface at normal
incidence for a linear polarization either parallel (||) or
orthogonal (⊥) to the pump, for a set of permittivity
configurations obtained by sampling the ∆(~r, t = τ) dis-
tribution at different values of the pump-probe delay τ .
The relative differential transmittance for each polariza-
tion, normalized to the static transmittance of the un-
perturbed structure, is then determined as
∆||,⊥ =
∆T||,⊥
T0
=
T||,⊥(λ, τ)
T0(λ)
− 1. (2)
An ultrafast broadband dichroism should manifest itself
as a difference between ∆‖ and ∆⊥, for a wide range of
wavelengths, and then disappear within less than 1 ps.
4FIG. 3. Broadband ultrafast dichroic transmittance: theory and experiments. a - c, Theoretical prediction of the
ultrafast photo-induced dichroic spectrum, ∆⊥−∆‖ (according to Eq. 2), at different pump-probe delays, disentangled in terms
of the contributions arising from nonthermal carriers (a), and thermalized carriers (b), together with the total effect (c). d,
Corresponding pump-probe measurement in the spectral range accessible by the experiment (fluence F ' 400 µJ/cm2).
FIG. 4. Symmetry Breaking Window. Comparison be-
tween theoretical predictions (left, dash-dotted lines) and ex-
perimental data (right, solid lines) of the optical symmetry
breaking in Au nanocrosses. a - b, Polarization-resolved rel-
ative differential transmission spectra, ∆‖,⊥, at two different
time delays: probe polarisation parallel (black) and orthogo-
nal (green) to the pump. c - d, Time evolution of the ∆‖,⊥, at
two fixed wavelengths. e - f, Time evolution of the ultrafast
dichroic ratio, D, at around 620 nm.
Figures 3a-3c show the results of the simulations,
where ∆⊥ − ∆‖ is calculated from 450 nm to 850 nm.
Note that the main contribution to the phenomenon
arises from nonthermal carriers (Fig. 3a). However, ther-
malized carriers (Fig. 3b) also contribute but to a lesser
degree, which is remarkable given that the electronic tem-
perature relaxation takes place on a much longer time
scale, far beyond the symmetry breaking window (Fig. 2b
and 2f).
Our theoretical predictions are compared with polar-
ization resolved ultrafast pump-probe experiments, per-
formed according to the sketch of Fig. 1c. The experi-
mental transient linear dichroism ∆⊥ − ∆‖ is shown in
Fig. 3d and well matches the simulations of Fig. 3c on
the relevant spectral range (565-735 nm), apart from a
scaling factor of about 2, which is consistent with the fact
that semi-classical calculations (as in our I3TM) tend to
overestimate the generation of high energy nonthermal
electrons compared to more rigorous quantum models
[24–26]. Moreover, the sign switch at longer wavelengths
(750-850 nm) could not be probed experimentally, but
is consistent with transient absorption spectra of gold
nanostructures [11, 12, 14, 20]. The complex spectral
oscillations of the map at the very early stages of the dy-
namics (−60 . τ . 60 fs) are due to instrumental arti-
facts caused by unavoidable inter-pulse four-wave mixing
in the dielectric substrate (see, e.g. Ref. 23 and refer-
ences therein) but do not prevent the observation of the
transient symmetry-breaking. A more direct comparison
between theory and experiments is provided in Fig. 4,
where we show the simulated (Fig. 4a) and the measured
(Fig. 4b) spectra of ∆‖ (black traces) and ∆⊥ (green
traces) at two different time delays. A good agreement
is retrieved also for the dynamics of the ∆‖,⊥ (compare
Fig. 4c and 4d), including the ultrafast sign change in the
red wing of the spectrum, i.e. at around 720 − 730 nm
(compare lower traces in Fig. 4c and 4d). Finally, since
the dichroic contrast ∆⊥ −∆‖ of Fig. 3 scales with the
pump fluence, we introduced a transient dichroic ratio,
D = (∆⊥ −∆‖)/max{|∆⊥ + ∆‖|}, which quantifies the
5ultrafast dichroic performance intrinsic to the considered
structure. Note that this figure of merit reaches values as
high as few tens % at the peak of the dichroic dynamics,
at around 100 fs time delay (Figs. 4c-4d).
To summarize, we have shown that the absorption of
intense ultrashort pulses induces a transient symmetry
breaking in a plasmonic metasurface with C4 symmetric
metaatoms. Such spatio-temporal electronic transients
at the nanoscale translate into an anisotropic local per-
mittivity distribution with C2 symmetry, and subsequent
ultrafast dichroic optical response of the metasurface,
dominated by nonthermal carriers dynamics. This mod-
ulation is broadband and returns to the isotropic con-
figuration within few hundreds femtoseconds. We en-
visage that the transient spatial inhomogeneities of hot
electrons revealed in our experiments can disclose an un-
precedented route for the all-optical control of light at
Tera bit/s speed, with particular relevance for ultrafast
polarization management [17, 18]. Our results can also
pave the way to the development of an optimized plat-
form for hot-electrons-based photocatalysis [27].
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METHODS
Theory and numerical modelling. The I3TM reads as
follows:
∂N
∂t
= −aN − bN + Pabs(~r, t), (3)
∂
∂t
CeΘe = −∇
(
− κe∇Θe
)
−G
(
Θe −Θl
)
+ aN, (4)
Cl
∂Θl
∂t
= κl∇2Θl +G
(
Θe −Θl
)
+ bN, (5)
where the explicit dependence on both time and space for
N(~r, t), Θe(~r, t) and Θl(~r, t) have been dropped for the sake of
conciseness. a and b represent the out-of-equilibrium electron
gas heating rate and the nonthermal electron-phonon scat-
tering rate, respectively. They are related to the electron-
electron (τe−e) and the electron-phonon (τe−ph) scattering
times: a = 〈1/τe−e〉 = (~ωP )2/2τ0E2F , with ~ωP the pump
photon energy, τ0 = 13.5 fs and EF the Fermi energy in
Au; b = 1/τe−ph = kBΘD/(τf~ωP ), where kB is the Boltz-
mann constant, ΘD the metal Debye temperature, and τf
the quasi-particle free flight time (see Ref. 20 and references
therein). Note that for τ0 we doubled the value compared to
the standard 3TM, as it is well known that the latter under-
estimates the effective τe−e, compared to more refined models
(see, e.g., Ref. 13). The other coefficients are the electron (lat-
tice) specific heat, Ce (Cl), and thermal conductivity, κe (κl),
and the electron-photon coupling constant, G. Concerning
Ce = Ce(Θe) and G = G(Θe), these are taken from Ref. [28],
where Density Functional Theory (DFT) is applied to deter-
mine the total density of electronic states including both con-
duction and valence bands. Electron diffusion is instead ruled
by a conductivity κe = κe(Θe) = κlΘe/Θl, as in Ref. 22, with
κl = 316 W m
−1 K−1 [29]. Finally, CL = 2.49 · 106 J m−3
K−1, after Ref. 30.
Regarding the source term, its temporal evolution is writ-
ten as g(t) =
√
4 ln 2/(pi∆t2) exp[−4 ln 2(t − t0)2/∆t2], with
∆t the pulse duration (full width at half maximum intensity).
We assumed ∆t = 60 fs in order to take into account the typi-
cal stretching of the signal dynamics induced by the coherent
artifact [23]. The absorption pattern A(~r) is calculated at
the peak wavelength of the pump spectrum (λP = 860 nm)
by 3D finite element method (FEM) numerical analysis, em-
ploying a commercial tool (COMSOL Multiphysics 5.4). The
geometrical parameters used in the simulations (L = 155 nm,
W = 40 nm, H = 30 nm, and 285 nm array period) were
adapted from the nominal values (estimated from SEM anal-
ysis) in order to best fit the experimental transmission spec-
trum of the unperturbed structure (compare solid curve and
dash-dotted curve in Fig. 1b). We also assumed smoothed
edges of the nanocross with 20/8 nm radius of curvature for
6outer/inner corners. Port formalism in the frequency domain
with periodic boundary conditions was adopted, so to simu-
late an infinite square array of nanocrosses, with plane wave
excitation at normal incidence, linearly polarized along one
of the nanocross arms (y-axis in Fig. 1c). The geometrical
domains were finely meshed in order to resolve the effective
(local) optical wavelength with at least 7 elements in the di-
electric regions, whereas an even finer mesh was employed in
gold (with linear element size comprised between 2.5 nm and
10 nm) so to correctly describe evanescent decay patterns in
the nanocrosses. The I3TM (Eqs. 3-5) is then locally solved
in the time domain with the Generalised Alpha method, with
a time step dt = ∆t/20 (so to properly resolve the pump pulse
driving dynamics).
Once the spatio-temporal dynamics of the internal energy
variables (N , Θe and Θl) is computed, the corresponding
inhomogeneous transient and dispersed permittivity pertur-
bation ∆ε(~r, t, λ) = ∆ε
(
N(~r, t),Θe(~r, t),Θl(~r, t), λ
)
is then
modeled according to the third-order delayed optical nonlin-
earity of noble metals detailed in our previous studies (see,
e.g. [13, 20] and references therein). In short, the electronic
excitation results into a variation of occupation probability for
the energy levels in the conduction band. This in turns mod-
ulates the joint density of states for the dominant (valence-
conduction) interband optical transition of gold, around the
L point in the first Brillouin zone [31]. The latter is mod-
eled in the parabolic anisotropic approximation, with effec-
tive masses and energy constants taken from atomistic calcu-
lations [32], and the corresponding variations of gold absorp-
tion coefficient, or imaginary part of material permittivity, is
then retrieved in a broad band of wavelengths via semiclassi-
cal theory under constant matrix elements approximation (see
Ref. 20 and references therein). The variation of the real part
of gold permittivity is finally computed by Kramers-Kronig
analysis.
The final step, i.e. the modelling of the interaction between
the photoexcited structure and a probe pulse at a given
time delay, is then performed via a further frequency-domain
analysis spanning the 450 − 850 nm wavelength range for
two orthogonal linear polarizations, being either parallel or
orthogonal to the vertical axis of the nanocrosses (aligned
with the pump polarization). Here we assumed a gold
permittivity given by εAu(λ, t) = ε
static
Au (λ) + ∆ε(λ, t) with
t = τ a parameter representing the pump-probe time delay
of our experiments and εstaticAu (λ) the permittivity of gold at
the equilibrium, provided by an analytical model [33] fitted
on Johnson and Christy experimental data [34].
Fabrication of the plasmonic metasurface. A plas-
monic metasurface consisting of closely packed nanocrosses
was fabricated recurring to Electron Beam Lithography
(EBL). The process was carried out on CaF2 (100) substrates
spin-coated at 1800 rpm with Poly(methyl methacrylate) (Mi-
croChem 950 PMMA A2) electronic resist. An aluminum film
of 10 nm thickness was thermally deposited onto the PMMA
surface in order to avoid charging and drifting effects. Then,
an EBL machine (Raith 150-two) equipped with a pattern
generator, was operated for the nanostructure direct writing
(electron energy 20 keV and beam current 28 pA). After the
Al removal in a KOH-H2O solution at a concentration of 1M,
the exposed resist was developed in a conventional solution of
methyl isobutyl ketone-isopropyl alcohol (MIBK-IPA) (1:3)
for 30 s. To complete the development process and to prevent
PMMA scum, the substrate was additionally immersed for 30
s in isopropyl alcohol. Physical vapour deposition (evapora-
tion rate 0.3 A˚/s) respectively of 5 nm Ti as adhesion layer
and 45 nm Au was performed on the sample. Finally, the
unexposed resist was removed with acetone and rinsed out in
IPA. O2 plasma ashing at 100 W for 180 s was employed to
remove residual resist and organic contaminants.
Pump-probe measurements. The experimental setup
used for high time resolution broadband pump-probe spec-
troscopy is described in detail elsewhere [35]. An amplified
femtosecond Ti:sapphire laser at 2 kHz repetition rate pumps
two non-collinear optical parametric amplifiers (NOPAs),
which generate the pump and probe pulses, respectively. The
pump pulses, slightly red-shifted with respect to the longitudi-
nal plasmonic resonance of the nanocross arms, cover the 850-
950 nm bandwidth and are compressed by a fused silica prism
pair to sub-30-fs duration; the probe pulses cover the 565-735
nm bandwidth and are compressed by chirped mirrors to sub-
10-fs duration. Pump and probe propagate non-collinearly at
an angle of ∼ 5◦ and are focused by a spherical mirror to
a diameter of 50 µm which is smaller than the sample area
patterned with nanocrosses. The sample is aligned perpendic-
ularly to the probe beam. The transmitted probe, spatially
selected by an iris, is dispersed in a spectrometer and detected
with a CCD with a custom electronics capable of reading out
spectra at the full laser repetition rate. The pump pulse is
modulated at 1 kHz by a mechanical chopper and the relative
differential transmittance (∆‖,⊥ = ∆T‖,⊥/T0) signal is mea-
sured as a function of probe wavelength λ and pump-probe de-
lay τ . In order to avoid pump-probe misalignment caused by
rotation of the probe polarization between the two orthogonal
configurations, we kept the probe polarization fixed at an an-
gle of 45◦ with respect to the pump, which is in turns parallel
to one of the arms of the nanocrosses, and performed polariza-
tion filtering at the output. This configuration is equivalent
to the one considered in the numerical simulations in terms
of the ∆⊥ and ∆‖, and guarantees a more reliable evaluation
of the contrast between the two spectra.
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2STATIC RESPONSE
First of all, polarization resolved linear extinction measurements have been performed to ascertain the isotropic
optical response of the fabricated square array of gold nanocrosses. The measured transmission spectrum of the
sample in the experimentally available wavelength range (∼530-980 nm) is shown in Fig. S1a. These data have been
exploited to refine the electromagnetic FEM analysis of the structure.
We assumed an ideal configuration made of an infinite 2D array of the square unit cell reported in Fig. 1c (see
main text). The geometrical parameters (cf. main text of the paper) have been finely adjusted within the uncertainty
range estimated by SEM images of the sample (Fig. 1a), in order to achieve a best fit with the static measurements
of Fig. S1a. The results of our simulations are shown in Fig. S1b.
FIG. S1. Static optical response of the nanocross metasurface. a, Measured transmission spectrum of the fabricated
sample. b, Simulated optical response of the unperturbed Au nanocross array. Note that the plasmonic resonance of the
structure dominates its transmission (black), reflection (blue) and absorption (red) spectra.
Note the good agreement between experimental and simulated transmission (black curves in Fig. S1a and S1b,
respectively), especially in terms of the spectral position and width of the plasmonic resonance dip. In particular, a
slight blue-shift of less than 5 nm is retrieved in the simulations for optimized values of the geometrical parameters.
This shift explains the choice of slightly different wavelengths for the cross-sections of Fig. 4c-d.
Note also that a quantitative agreement is also retrieved in terms of the depth of the transmission dip, even though
the simulations retrieve a 5% higher extinction at resonance.
SPACE-TIME DEPENDENT OPTICAL PERTURBATION
As mentioned in the main text, the numerical solution of the I3TM, describing the spatio-temporal dynamics of
the internal energetic degrees of freedom of the plasmonic nanoparticles (see Eqs. 3-5 and Methods in the main
text), is the starting point to compute the corresponding inhomogeneous optical perturbation. Such perturbation in
the metallic nanocross, expressed in terms of the spectrally-dispersed complex-valued permittivity, ε = ε(~r, t, λ), is
retrieved starting from the evolution of N , Θe and Θl according to the well-established nonlinearity model briefly
discussed in the Methods. Yet, the novelty introduced by the I3TM here reported is represented by the fact that
since the rate equations (Eqs. 3-5) are solved locally, the permittivity modulation inherits both the spatial and the
temporal dependences from the aforementioned energetic quantities and, as a three-dimensional non-uniform field, it
3follows a different dynamics in each point of the nanoparticle. Fig. S2 highlights such aspects of the I3TM by showing
the permittivity spectrum, both in its real and imaginary parts, at different pump-probe time delays and in different
points of the structure.
FIG. S2. Space-time dependent Au nonlinear permittivity. Numerically computed pump-induced nonlinear permittivity
modulation spectra in different points of the Au nanocross and at different time delays. a - c, From left to right: spectra of the
real part permittivity variation, ∆ε′, at τ = 100 fs, τ = 200 fs, and τ = 900 fs, respectively, evaluated at three characteristic
positions visualized in the inset of panel (c). d - f, Same as a-c but for the imaginary part permittivity variation, ∆ε′′.
A time evolution of the permittivity dispersion, non-trivially driven by the interplay of both the nonthermal and
thermal hot carriers broadband contributions, is observed in each point of the nanoparticle. Interestingly, Fig. S2
highlights the fundamental origin of the ultrafast symmetry breaking that we here report. On a sub-picosecond time
scale the pump-driven optical perturbation exhibits an inhomogeneous pattern in space. Such non-uniform distribution
for ε(~r, t, λ) creates then the ultrafast polarisation-sensitivite response theoretically predicted and experimentally
observed. Indeed, the symmetry breaking temporal window, during which the spatial pattern of permittivity remains
inhomogeneous, is mainly driven by the nonthermal carriers relaxation and the thermal hot carriers diffusion processes.
The characteristic time scales of such energy dynamics, completed within a few hundreds of femtoseconds, entail the
purely ultrafast nature of the dichroism we report. By exploiting these dynamics, the effect considered vanishes well
before the complete return of the metaatoms to thermodynamic equilibrium. Fig. S2c and S2f, provide a clearcut
evidence of this aspect: at a pump-probe delay of τ = 900 fs the system is still strongly excited (the curves of ∆ε are
definitely different from zero). However, at the same time delay homogenisation is achieved and optical symmetry
restored (the curves referring to different positions fold and local inhomogeneities collapse), which closes the symmetry
breaking window of the dichroic response.
